Banking of cryopreserved hepatocytes is a prerequisite for large-scale hepatocyte transplantation in the clinic. We compared the efficacy of intrasplenic transplantation into Nagase analbuminemic rats (NAR) of freshly isolated (FIH) and cryopreserved (CH) hepatocytes. Hepatocytes were cryopreserved using a controlled rate freezing protocol. Albumin production of thawed CH and FIH was measured in vitro in culture by ELISA and by Western blot. After in vivo intrasplenic transplantation of NAR with either FIH or CH we assessed 1) albumin in the serum of recipients by ELISA and by Western blotting analysis at different time intervals, and 2) hepatocyte engraftment by albumin immunohistochemical staining into spleens and livers at euthanasia. In vitro, albumin was produced up to day 4 of culture in both CH and FIH. In vivo, no intrasplenic engraftment of hepatocytes occurred. Intrahepatic engraftment of CH (cell number/mm 2 ) was significantly (twofold) lower than that of FIH and appeared only as isolated cells and small (<10 cells) clusters, while bigger clusters (>10 cells) were observed with FIH. In the FIH group, serum albumin production was observed up to 32-49 days posttransplantation while in the CH group no serum albumin production was detected. Our results emphasize the need to improve 1) hepatocyte transplantation procedures either by repeated hepatocytes injections and/or by transplantation under a regeneration response, and 2) the freeze/ thaw protocols of hepatocytes.
INTRODUCTION
ing. The last few years, a number of cryopreservation protocols have been developed using different freeze/ thaw conditions, various cryoprotectants, and different It has been extensively reported that syngeneic and allogeneic hepatocyte transplantation (HTX) was a pocomposition of the freezing medium (5,6,10,22,31); recently, an international expert panel issued a review on tential tool for correcting liver metabolic disorders in rabbits, rodents, and dogs (2, 19, 24, 59 ) and for repoputhe consensus of optimal conditions for hepatocyte cryopreservation (30) . lating the liver and improving survival of animals after surgically or chemically induced liver failure (1,17,36, Hepatocellular engraftment has been carried out into various sites of the body (16, 52, 56) , with intraportal and 42, 49, 54, 58) . Recently, human clinical trials have been performed with encouraging results, using HTX either intrasplenic routes producing the best engraftment, function, and cell survival following HTX. Although portal as a bridge to orthotopic liver transplantation (OLT) (45, 46) or as improvement of metabolic defects (12).
vein transplantation is attractive, as the liver is the home to hepatocytes, we noted in our preliminary experiments, Given the importance that this form of surgery may have in the clinic, a reliable system to provide cells rapand in accordance with the literature (15, 19) , that this route often produced liver damage and hepatic thromboidly and in sufficient number must be available. In this respect, cryopreservation is particularly attractive, besis due to occlusion of the portal vein by the transplanted hepatocytes. Similar observations have been recause it could offer the possibility of hepatocyte bank-ported for portal vein pancreatic islet transplantation tutional guidelines for the care and the use of laboratory animals. (53). In contrast, we found, in accordance with other groups (39, 50, 51, 57) , that hepatocyte injection into the Hepatocyte Preparation and Cryopreservation splenic pulp was a technically more convenient and nonFreshly isolated hepatocytes (FIH) were obtained ustraumatic procedure for animals, with many of the hepaing a modification of the two-step collagenase perfusion tocytes intrasplenically transplanted migrating to the technique introduced by Berry and Friend (3) and liver (51) .
adapted by Seglen (43) . In brief, male Sprague-Dawley To our knowledge, very few reports on HTX using rats (180-250 g) were subjected to anesthesia using cryopreserved hepatocytes are available (13,27,34). Unsodic pentobarbital (Sanofi, France) (6 mg/100 g body til now, all reported studies attempted to develop an ecweight) and, after cannulation of the portal vein, the topic liver by transplanting frozen/thawed hepatocytes liver was perfused for the first 5 min with buffer coninto the rat spleen (13,27,32-34).
taining 0.05 mmol/L EGTA, pH 7.4, at a rate of 25 ml/ In the present work, we aimed to compare intrahemin. Next, perfusion was made with buffer containing patic engraftment and functionality of freshly isolated 0.02% (w/v) collagenase in the presence of 5 mmol/L (FIH) and cryopreserved (CH) Sprague-Dawley rat heCaCl 2 at a rate of 25 ml/min for up to 15 min. The cells patocytes intrasplenically transplanted into Nagase analreleased from the digested liver were filtered through buminemic rats (NAR). Cryopreservation of hepatocytes 380 and 520 µm meshes, washed three times with was performed using the controlled rate freezing tech-HBSS, and centrifuged at 50 × g for 2 min. Viable hepanique, reported to allow good cell viability and differentocytes were separated from dead cells by centrifugation tiation in vitro in culture (9, 44) . Hepatocytes were di-(70 × g, 10 min) over a 30-ml cushion of a 33% Percoll rectly injected into the spleens of recipients NAR solution in phosphate buffer saline (PBS). The viability presenting a genetic defect in albumin synthesis. Intraof FIH was determined by trypan blue dye exclusion and hepatic engraftment of transplanted hepatocytes (H) was varied between 70% and 90%. monitored by immunohistochemical analysis and funcCryopreservation of rat hepatocytes was based on the tion (i.e., albumin production) by ELISA and by Westmethod described by De Sousa et al. (9) : hepatocytes ern blotting analysis of the serum of recipients.
were suspended in the cryopreservation medium and distributed in freezing vials at a density of 5 × 10 6 cells/ml,
MATERIALS AND METHODS
and submitted to the cryopreservation protocol. Cells Reagents were stored in liquid nitrogen up to use. Hepatocyte EGTA [ethylene glycol-bis(β-aminoethyl ether)-thawing was performed by immersing the cryovials into N,N,N′,N′-tetraacetic acid], Tween 20, bovine serum ala water bath maintained at 37°C, washed in L-15 mebumin (BSA), dimethyl sulphoxide (DMSO), and puridium, and purified using Percoll. After thawing, the viafied rat albumin were purchased from Sigma-Aldrich bility of cryopreserved hepatocytes (CH) was deter-(France). Collagenase for hepatocyte, Hank's balanced mined by trypan blue dye exclusion and varied between salt solution (HBSS), Leibovitz L-15 medium (L15M), 70% and 80% after Percoll. William's E medium (WEM), and Dulbecco's modified Eagle medium (DMEM) were from Gibco (Life TechHepatocyte Culturing nologies, France). Fetal calf serum (FCS) was obtained Hepatocytes (FIH and CH) were plated on rat tail from Eurobio (France). Gentamycin (Gentallin) was collagen-coated 24-well plates at a density of 0.2 × 10 6 from Schering-Plough (France) and Percoll was from cells/well in WEM containing 5% FCS and gentamycin Seromed (Polylabo, France). All other chemicals were (50 µg/ml). Cultures were maintained for 5 days and purchased from Sigma-Aldrich (France). medium was replaced every day.
Animals Hepatocyte Transplantation
Hepatocytes, both directly after isolation (FIH) and Male Sprague-Dawley rats (170-250 g) were purchased from Janvier (CERJ, France) and served as hepaafter cryopreservation/thawing (CH), were suspended in HBSS and kept on ice (no longer than 1 h) until transtocyte donors. Nagase analbuminemic rats (NAR) (Sprague-Dawley strain), weighing 250-300 g, were obplantation. The transplantation procedure was as following: animals were anesthetized by ether inhalation, a tained from TGC Inc. (Sagamihara-shi, Japan) and propagated in our animal care facility. All animals were small midline laparotomy was performed, and the spleen was exposed. A total of 2 × 10 7 or 4 × 10 7 viable FIH, maintained on daily cycles of alternating 12-h light/ darkness with food and water available ad libitum. All suspended respectively in 300 or 600 µl of HBSS or 2 × 10 7 CH, suspended in 300 µl of HBSS, were injected the experiments were conducted according to local insti- into the inferior pole of the spleen using a 26-gauge neeanti-rat albumin IgG (Nordic, Tebu, France) overnight at 4°C. The plates were washed three times with PBS dle. During the injection of the cells the hilar vessels of the spleen were not clamped. At the end of the transcontaining 0.1% Tween 20 (PBS-T 0.1%). Various dilutions in PBS-T 0.1% of rat sera, hepatocyte culture meplantation, leakage of cells and hemostasis of the injection site were provided by using oxidized regenerated dium, or hepatocyte lysates were added to each well and plates were incubated for 2 h at 37°C. After the incubacellulose (Surgicell  , Johnson & Johnson, USA). The experimental design was as depicted in Table 1 . The tion period, the plates were washed three times with PBS-T 0.1% and a 1:750 dilution of peroxidase-conjuimmunosuppression protocol consisted of intramuscular gated rabbit anti-rat albumin IgG (Nordic, Tebu, France) injections of cyclosporine A (CsA) (Sandimmun  , Nowas added to each well for 2 h. After three washes in vartis, France) at 10 mg/kg of body weight twice a PBS-T 0.1%, the plates were developed with ABTS deweek, for the duration of the experiment. Animals were veloper (Roche Diagnostic, France) and read at 405 nm sacrificed at various time intervals posttransplantation using a microplate reader (MR 700, Dynex, France) (see Table 1 ) and tissue specimens from liver and spleen against a standard curve using purified rat albumin were taken for conventional histology and immunohisto-(Sigma, France). chemical examinations (see below).
Gel Electrophoresis and Western Blotting Analysis. Albumin Analysis
Albumin levels in serum and in hepatocyte cultures were Albumin Immunohistochemical Staining. For detecalso estimated qualitatively and semiquantitatively by tion of transplanted albumin-positive stained hepato-8% sodium dodecyl sulfate polyacrylamide gel electrocytes, three liver biopsies taken from the different liver phoresis (SDS-PAGE) (28) and Western blot analysis lobes and the half longitudinal spleen were examined.
(4). For Western blotting, 1:8000 peroxidase-conjugated Biopsies were embedded in Cryomatrix (Shandon, CML, rabbit anti-rat albumin IgG (Cappel, Flobio, France) France) and frozen using isopentane in liquid nitrogen.
was used. Positive signals were detected by the enCryostat sections (5 µm) were fixed and immunostained hanced chemiluminescence method (Amersham Life with 1:200 diluted peroxidase-conjugated rabbit anti-rat Science Inc., France). Relative amount of albumin was albumin IgG (Cappel, Flobio, France). Albumin-positive determined by densitometry using a scanner (Imaging stained hepatocytes were counted on 10 fields of liver Densitometer 700, Biorad Laboratories, France) and sections in a blinded fashion by a single pathologist. Requantified using a computer program (Molecular Anasults were expressed as cell numbers per mm 2 and the lyst Software, Biorad Laboratories, France). frequency of isolated cells or clumps/clusters of cells (two or more contiguous cells) per liver sections were Statistical Analysis estimated. In parallel, conventional histology of spleen Results are expressed as the mean ± SEM. Statistical and liver was performed using hematoxylin and eosin analysis was performed using a statistical software packstaining.
age (StatView 4.5; Abacus Concept, Berkeley, CA). Differences among groups were assessed using Student's Albumin Quantification. Albumin was quantified t-test. A level of p < 0.05 was accepted as statistically both in rat sera and in hepatocyte cultures. To measure significant. serum albumin, blood samples were collected from the rat tail vein under light ether anesthesia before hepato-RESULTS cyte transplantation and at different time interval posttransplantation. Blood samples were clotted 1 h at 37°C
Albumin Production of Freshly Isolated and Cryopreserved Hepatocytes in Culture and centrifuged 10 min at 2500 × g. Sera were collected and stored at −20°C until albumin determinations. To Albumin production of cultured male Sprague-Dawevaluate the ability of freshly and cryopreserved Spragueley rat hepatocytes was evaluated for 6 days in culture. Dawley rat hepatocytes to produce albumin during 6 Either FIH or CH was plated and both intracellular and days in culture, total albumin (extracellular + intracelluextracellular albumin were measured every day. lar) was measured daily. Extracellular albumin was meaAfter 24 h of culture, total albumin production, as sured directly in the culture supernatants and intracellumeasured by ELISA, appeared approximately twofold lar albumin was evaluated in the lysates of hepatocyte lower in CH than in FIH cultures (Fig. 1A) . However, monolayers. Lysates were obtained by sonication of intracellular albumin production was equivalent in both monolayers in bidistilled water.
cultures. Thereafter, a rapid loss in albumin production occurred in FIH cultures after 3 days of culture with Sandwich ELISA Method. To quantify albumin by this method, 96-well plates (Maxisorp  , Nunc, Polylabo, albumin being undetectable after 6 days of culture. In CH cultures, albumin production progressively deFrance) were coated with a 1:2000 dilution of rabbit creased from day 4 of culture to attain 0 at day 6. In nounced second band observed on the blots has been both cultures, this drop appeared clearly related to an shown to correspond to a cross-reaction between the albumin turnover defect. Indeed, from day 4, no intracelperoxidase-labeled rabbit anti-rat albumin IgG used in lular albumin could be detected in both cultures, extrathe test and a protein (most probably the bovine albumin cellular albumin progressively disappearing thereafter.
contained in the 5% supplemented FCS) present in the Western blotting analysis (Fig. 1B) represented 2% and 4%, respectively, of total liver hepaas illustrated in Figure 3B for two NAR recipients, densitometric analysis of albumin immunoblot confirmed tocyte mass (ϳ10 9 cells) (8,40). As expected, liver sections from control, nontransthe peak of serum albumin between days 4 and 8 posttransplantation in NAR from group 1 and group 2. Howplanted NAR, exhibited only a small number of albumin-positive cells (Fig. 2B) , while in liver sections from ever, by using this technique and as illustrated in Figure  3B , serum albumin levels over baseline values were dewild Sprague-Dawley rats almost all hepatocytes were highly positive for albumin ( Fig. 2A) . In FIH transpicted up to 32-49 days following transplantation, and this was the case for all transplanted NAR. planted NAR (groups 1 and 2), liver sections revealed numerous albumin-positive cells (Fig. 2C, D) , uniformly Figure 4 illustrates with one recipient that an equivalent time course of serum albumin levels was observed distributed throughout the liver parenchyma and between the various liver lobes examined, at the time of in all transplanted NAR submitted to an immunosuppression protocol (group 3). necropsy. No albumin-positive cells were observed in the spleen sections (data not shown).
No significant changes in serum albumin levels were found in the control group (group 5) receiving no hepaNo significant difference in the number of implanted albumin-positive cells per mm 2 was observed between tocytes (data not shown). the two groups (group 1: 5.36 ± 0.50 vs. group 2: 6.07
Time Course of Serum Albumin Levels in NAR After ± 1.59, see Table 2 ). Transplanted hepatocytes engrafted
Intrasplenically Transplantation With a Lysate of in liver parenchyma appeared mostly as singlets, but Hepatocytes also as clusters, of either small (2-5 cells) or medium
To test if the peak of serum albumin observed be-(5-10 cells) size. Rare big clusters (>10 cells) were also tween days 4 and 8 in all groups of transplanted NAR observed in group 2 ( Table 2) . Conventional histology was, at least partially, due to albumin leakage of nonenobservation revealed that transplanted FIH did not modgrafted hepatocytes in liver parenchyma, a lysate of 2 × ify the hepatic architecture of recipient rats and no signs 10 7 freshly isolated hepatocytes was injected into NAR of rejection were observed.
spleens. Western blotting analysis of serum albumin at When FIH transplantation was followed by an immudifferent time intervals in this animal showed a biphasic nosuppressive protocol using cyclosporine A (group 3, pattern ( Fig. 5) : a big peak of albumin appeared at 6 h see Table 1 ), there were no significant changes in the after injection and a second weaker peak at day 3 after number of implanted albumin-positive cell number per injection, thus confirming that the peak of albumin in mm 2 (group 1: 5.36 ± 0.50 vs. group 3: 5.16 ± 0.66), nor the serum of transplanted NAR, observed the days folin their distribution pattern (Table 2, Fig. 2E ).
lowing transplantation, most probably corresponded to albumin leaked from nonengrafted hepatocytes. HepatoAlbumin Production by Intrasplenically Freshly cyte leakage certainly occurred immediately, from neIsolated Transplanted Hepatocytes crotic cells, with a peak corresponding to that observed When quantified using an ELISA sandwich method with the lysate (i.e., up to 3-4 days after transplanta- (Fig. 3A) , serum albumin of transplanted NAR showed tion), but also after longer periods of times, associated a marked, transient, and statistically significant (p < with active elimination (phagocytosis) of nonengrafted 0.005) increase the days following transplantation. The hepatocytes by the recipients. increases in serum albumin, equivalent in groups 1 and Liver Engraftment and Serum Albumin Levels in NAR 2, peaked between day 4 and day 8 after transplantation.
After Intrasplenic Transplantation With Cryopreserved From day 18 up to animal sacrifice, serum albumin level Rat Hepatocytes reached baseline values (Fig. 3A) .
This pattern was only partially confirmed when seAlbumin immunostaining of liver sections from NAR submitted to CH transplantation (group 4) showed alburum albumin was quantified by immunoblotting. Indeed, min-positive cells in the parenchyma (Fig. 6) . However, ger clusters (5-10 cells or >10 cells) were observed in this group (Table 3) . as shown in Table 3 , the number of implanted cells/mm 2 was significantly (twofold) lower than in NAR transAs already described for NAR transplanted with FIH (see Fig. 3 ), long-term levels of serum albumin when planted with freshly isolated hepatocytes (group 1).
In addition, the majority of engrafted cryopreserved quantified by ELISA analysis were very low in CH transplanted NAR, equivalent to that in nontransplanted hepatocytes appeared as singlets, and to a lesser extent as small clusters of 2-5 cells (Fig. 5, Table 3 ). No big-NAR. However, in contrast to the observations made in FIH transplanted NAR, serum albumin quantification of liver and were homogeneously distributed into liver CH transplanted NAR by Western blotting analysis relobes (8, 25) . No engraftment of hepatocytes into the vealed also no increases in serum albumin, as illustrated spleens of transplanted NAR was observed. This was for two NAR recipients in Figure 7 , and this was the also observed by Parker-Ponder et al. (39) in intrasplenicase for all CH transplanted NAR.
cally transplanted mice. Several groups, however, described the presence of a large number of transplanted DISCUSSION cells in the spleen (7, 21, 26, 35) , some even spleen "hepatization" (21,38). In most of those studies, hepatocyte We show in the present study that both FIH and CH transplantation was made under liver damage or hilar produce albumin in vitro in culture.
vessel clamping at the time of transplant, which can imAlbumin production of FIH and CH was tested durprove splenic establishment of transplanted hepatocytes ing 6 days of culture. Albumin production in FIH culas it has recently been demonstrated for the latter (23). tures rapidly dropped during time in culture, as also reQuantitative assessment of hepatocyte engraftment ported by Vanhaecke et al. (48) . Postthaw viability of revealed that, in our experiments, injection of two doses CH was approximately 70-80%, which is in accordance of FIH (2 × 10 7 and 4 × 10 7 viable cells) resulted in no with other studies (9, 44, 47) . Morphologically, CH spread significant differences in intrahepatic engraftment. This out and formed monolayers after plating and looked observation could be explained by a mechanically reguquite similar to FIH cultures (data not shown). Irrespeclated cell translocation (both by hepatocyte size and by tive of the frozen/thawed protocol and culture condihepatic sinusoidal endothelium) into liver parenchyma tions, several groups observed a variability in total proas described in two previous reports (18, 41) . tein synthesis in cryopreserved cells after 24 h of culture
We observed a peak of serum albumin between day (5, 14, 29, 47) . This observation was well correlated with 4 and day 8 posttransplantation that we demonstrated, the twofold lower levels of albumin production observed by injection of a hepatocyte lysate, to be due to albumin in 24-h CH cultures in our experiments. However, we leakage from nonengrafted hepatocytes into liver parennoted that albumin production in CH cultures, contrary chyma. Recently, and in accordance with our observato FIH cultures, was maintained at a constant level up tion, Terpstra's team reported, using BrdU-labeled hepato day 4 before dropping. This in accordance with the tocytes, an initial cell loss occurring between 24 h and study of Fautrel et al. (11) on albumin synthesis, and the first 8 days posttransplantation that finally results in with Watts and Grant on urea synthesis (55) in hepatoengraftment of only 7% of injected hepatocytes into cytes after freezing/thawing. Also in accordance with liver parenchyma (8,25). our results is the observation of Fuller and De Loecker Albumin production by engrafted FIH was main-(13,14) that, although morphological and ultrastructural tained up to 32-49 days posttransplantation as prechanges like mild swelling of mitochondria, cytoplasmic viously described in NAR by Holzman et al. (20) . Only vacuolization, and blebbing of the plasma membrane Western blotting analysis, a more sensitive technique (14) occur in frozen/thawed hepatocytes, CH are able to than ELISA, allowed us to visualize albumin production express metabolic capacities in culture.
over this period, further confirming that only a small We also show in the present study that in vivo FIH fraction of injected hepatocytes engrafted into the liver transplantation resulted in intrahepatic engraftment and (25) . a short-term maintenance of serum albumin production.
Consistent with 1) our combination models (SpragueImmunohistochemical analysis revealed that the majority of intrasplenically transplanted cells migrate to the Dawley rat donors/Sprague-Dawley analbuminemic re- cipients) using outbred strain and 2) with Demetriou's tions (data not shown), suggesting the absence of immune-mediated mechanisms involved in hepatocyte engroup using immunosuppression in this same combination (20, 37) , we have tested the hypothesis that immunograftment or function in this model. In this respect, Benedetti et al. (2) also demonstrated an only transient logical reactions could occur after HTX. However, we did not observe any increase either in hepatocyte enfunctionality of hepatocytes after intrasplenic allotransplantation into Dalmatian dogs, whether associated or graftment or in serum albumin production in immunosuppressed recipients. In addition, histological analysis not with immunosuppression. Finally, we show in the present study that in vivo CH revealed no signs of rejection into liver or spleen sec- transplantation revealed a poor liver engraftment associing, in turn, to an impairment in certain organelles following the cryopreservation process, as has been pointed ated with an absence of albumin production.
The poor liver engraftment of transplanted CH, disout (13,27,34).
In conclusion, our data demonstrate that both FIH and tributed mostly as singlets and small clusters (2-5 cells), as revealed by immunohistochemical analysis, has also CH hepatocytes, when intrasplenically transplanted, engraft into recipient liver parenchyma and appear as isobeen observed by Fuller et al. (13) in the spleen of recipients transplanted with CH. This is most probably due lated or clustered. However, the number of hepatocytes engrafted and the size of clusters were lower in the latter to a drastic loss of hepatocytes, submitted to the mechanical constraints of cell translocation (18) and precase. FIH transplantation was associated with albumin production up to 32-49 days posttransplantation in NAR, senting a fragilized membrane after cryopreservation (14). The presence of only isolated and small clumps of whether immunosuppressed or not. In contrast, no significant production of albumin was seen in CH transplanted hepatocytes in the livers of the CH group most probably further reflects cell membrane fragility with, as a conse-NAR, reflecting the poor engraftment and/or impairment of the functionality of these cells. These results emphasize quence, the alteration of intercellular contacts.
The absence of albumin in the recipient serum could the need to improve 1) hepatocyte transplantation procedures either by repeated hepatocytes injections and/or by be explained both by the smaller number of implanted hepatocytes in the liver parenchyma and/or by an importransplantation under a regeneration response, and 2) the freeze/thaw protocols of hepatocytes. tant impairment in albumin secretion mechanisms ow- 
